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Introduction

Load-bearing timber joints
In recent decades, large-scale wood-based materials have appeared on the market opening new possibilities for architects and engineers to realise innovative conceptual designs of structures (Weinand 2009 ). In particular cross laminated timber panels (CLT) constitute, in combination with modern prefabrication techniques, new perspectives of timber construction. So far, specifically formulated chemical adhesives based on polyurethane (PU) are used in order to connect the different layers of the stratified material, creating powerful planar joints. Glued timber joints based on aforementioned adhesives exhibit high mechanical performance. In general, the resistance of the joint is higher than that of the timber itself. However, glued components lead to higher abrasion of cutting tools during machining processes. Furthermore, there are still concerns about their impact on health and environment during application as well as at later disposal at the end of the expected useful life of the building. A promising alternative is the adhesive-free bonding method of friction welding of wood, which has been intensively investigated for some time at the IBOIS (Gliniorz and Natterer 2000; Illing 2002; Stamm et al. 2005a, b) together with other research institutions in Switzerland and France (Delmotte et al. 2009; Pizzi et al. 2011) . Very briefly, during friction welding the contact surface between two components is heated by a fast frictional movement and thereby fused to a thermally modified contact layer in a very short time. Preliminary investigations showed interesting potentials of the procedure (Stamm and Weinand 2006) . The question whether, and to which extent, the technique can be applied to the production of constructional elements, remains the focus of ongoing research.
Welding of wood
Welding of wood is based on the same principles as conventional friction welding technologies commonly used for metals and thermoplastics: Two elements are rubbed against each other by a combination of normal pressure P and an oscillating friction movement with a frequency f and an amplitude a. As a result, the interface is heated up quickly and thermo-chemical decomposition, pyrolysis, of the organic material (lignin, cellulose and hemicelluloses) is taking place within seconds (Stamm et al. 2005c ). The frictional movement stops after a predefined welding time or, alternatively, welding displacement. The latter describes the path the two components approach each other due to the thermal transformation, compression and material loss in the contact area. When friction is stopped the interface is let to cool down while maintaining a cooling pressure on the sample. Consequently the thermally decomposed material hardens, forming a dark and firm contact layer. Since the welding process is completed in less than a minute, stratified elements made of timber layers can be welded continuously (Stamm et al. 2005b ).
The layers can be welded with parallel and perpendicular orientation of the grains resulting in different characteristics of the joint (Properzi et al. 2005) .
Two groups of parameters influencing the welding result can be distinguished: first, machine settings like P, f and a related to the welding device; second, anatomical parameters related to the characteristics of the wood, influenced by the species, year ring orientation, moisture content, density and sample size.
Two frictional movements can be distinguished: circular and linear vibration. Former investigations showed that linear vibration welding (LVW) leads to better mechanical characteristics of the connection when the two boards are orientated parallel to the fibre direction (Gfeller et al. 2003) . Welded bonds of perpendicular orientated timber boards however have not been investigated in detail up to now.
Strength prediction of welded timber joints
Experimental evidence (Gliniorz and Natterer 2000; Illing 2002; Stamm et al. 2005a, b; Properzi et al. 2005; Gfeller et al. 2003) clearly indicates that frictional welding leads to joints with a very stiff bond, associated joint failure occurs in a very sudden and brittle manner. Brittle, respectively quasi-brittle, failure indicates a strong dependency of strength and size, commonly labelled size effects, first introduced by (Weibull 1939) and subsequently developed by his followers (Freudenthal 1968; Bažant et al. 1991; Bazant 2005) . Size effect based prediction of brittle bonds have since then been successfully formulated for, amongst other materials, fibre reinforced polymer (FRP) (Keller and Vallée 2006) and timber (Tannert et al. 2012) ; and for axially loaded friction welded timber joints by Vallée et al. (2011 ), respectively Hahn et al. (2012 .
The basis of predicting joint strength is the accurate determination of the stress-strain state in the welded interface. Failure of rigid joints is usually associated with stress peaks of transverse tensile stresses and shear stresses towards the edges (Suzuki 1987) . For axially loaded lap joints, Da Silva et al. (2009a, b) compared different analytical methods for estimating the stress-strain distribution in the interface. Although the problem of torsion and stresses generated thereupon has been treated analytically and the authors are aware of the work of St. Venant and his followers, closed-form solutions do only exist for a quite limited range of geometrical shape, and mostly for idealized loadings (pure torsion) and isotropic material. With regard to the investigation on moment resisting joints, the subject of the present study, no analytical solutions exist that take into account the complexity of the calculations, caused by factors such as anisotropic material properties of timber and a three-dimensional vector and that consider strong size effects. Thus, Finite Element Analysis (FEA) has to be preferred over analytical determination in order to overcome the limitations of analytical methods. Despite of the latter, results will be compared to a standard linear elastic stress analysis approach commonly used for stress verification in glued interfaces between layers of CLT panels (Blaß and Görlacher 2002) .
Failure of friction welded assemblies occurs mainly within the welded interface. Thus a failure criterion for the interfacial layer has to be defined and applied to the capacity prediction algorithm. The characteristics of welded interfaces depend on specific welding parameters and cannot be generalised for each case. They were determined anew for the present investigations. Since the stress state is characterised by simultaneous occurrence of multiple stress components, the combined effect on the material strength has to be considered. Stress-based off-axis tests, successfully applied to two-dimensional studies on adhesively bonded double lap joints (Keller and Vallée 2006; Tannert et al. 2012; Vallée et al. 2011; Hahn et al. 2012) , present a convenient alternative to energy release based concepts commonly used (Balzani et al. 2012; Pupurs et al. 2013) .
Attempts to predict the load bearing capacity of adhesively bonded joints using stress based concepts are difficult because of the aforementioned stress concentrations towards singularities. If these stress peaks are predominant, predicted joint capacity based thereupon is highly underestimated. A promising approach to resolve these limitations is a nonlocal probabilistic strength prediction method described by Bažant et al. (2000a, b) , in which capacity of the joints is reformulated in terms of probabilities of failures, which relieves the problematic associated with stress peaks.
Objectives
This paper aims to describe the structural behaviour of cross-wise friction welded bonds made of timber as a function of welding parameters and the geometrical design of the connection. The structural behaviour of such joints in horizontally loaded bracing CLT elements is investigated. Therefore the moment transmitting intersection points of such panels are represented by welded L-shaped specimens, where a torsional moment is introduced through a cantilever. The performance of welded joints is directly compared to adhesively bonded ones. Further, the joint's strength is mechanically characterized with regard to shear stresses resulting from torsion and transverse tensile stresses; the collected data is subsequently statistically treated to serve as input for a probabilistic strength prediction. A comparison between experimental and computed joint strengths concludes the paper.
Experimental investigation
Material
Samples of high quality, plane, and almost flawless, spruce (Picea abies) boards were used for the production of the specimens. Even if the presence of natural defects such as knots and resin slots cannot always be avoided within samples of bigger sizes, it was ensured that they don't occur within the welded zone. Previous tests showed that the scattering of the strength results can be decreased when samples with low moisture content are welded (Stamm et al. 2011) . Therefore the samples were stored under dry climate conditions of 40°C and 27 % relative air humidity before welding, resulting in a low moisture content of 4 %. These conditions represent an idealised situation that is unlikely to occur in potential practical application; however, this restriction does not have an influence on the principles of the strength prediction approach, it only serves to diminish the scattering of the experimental results.
Specimen description
In order to investigate the moment resistance of planar wood welded connections symmetric triple-layered L-shaped specimens shown in Fig. 1 were considered. As the effect of joint size was investigated, the width of the boards, and thus the edge length of the bonded interface, was varied between 100, 130 and 160 mm. In order to keep the distance between the geometrical centre of the interface and the point of load application constant, the length of the boards varied between 550 and 590 mm; all geometrical parameters are listed in Table 1 .
The assembling by friction welding was realised in a LZM 75 welding machine, a prototype designed by the company Fischer Schweisstechnik, in a two-step process. First, the middle layer was welded with perpendicular fibre orientation to the first of the two outer layers; once the interface was cured, the preliminary test specimens were stored for 1 day under the aforementioned dry climate conditions. In a next step the second outer layer was welded on the middle layer, parallelism with regard to the first outer layer was respected. An example of a specimen is shown in Fig. 1 .
For the purpose of comparison, glued bonds were tested for samples with 100 mm edge length. Polyurethane based glue Collano Semparoc Rapid S was applied on both compounds and pressure was maintained for 1 day by bar clamps. In order to facilitate the chemical reaction of the glue, the surface was humidified in the range of the bond.
Welding parameters
Prior to the fabrication of all test series, the question had to be addressed whether a linear or a circular vibrational movement is more adequate for cross-wise welded bonds. Therefore a set of preliminary tests was carried out according to Sect. 2.6 on specimens with an initial edge length of 100 mm (see Table 1 ). The welding parameters frequency f, pressure P, amplitude a, and welding displacement d were determined for Linear Vibration Welding (LVW) during previous parametrical investigations and are listed in Table 2 . Stamm et al. (2005a) proposed a formulation for the heat energy generated per surface unit during friction welding. In order to keep this amount of energy constant during a given time interval, the amplitude a had to be modified with the transition from LVW to Circular Vibration Welding (ZVW). All parameters as well as the test results are provided in Table 2 . It turned out that Circular Vibration Welding (ZVW) led to a higher average value for joint strength than Linear Vibration Welding (LVW). Even if the standard deviation for ZVW was higher than for LVW, it was decided to use the welding parameters for ZVW from Table 2 for further fabrication of the remaining specimens with an edge length of 130 and 160 mm. The higher deviation resulted from one very weak and a second very high result of tested joint strength (see Fig. 2 ); discarding these elements would have reduced the scattering to 9 %.
Characterisation of the timber
The mechanical properties of the used timber were determined by means of an optical image correlation system (Pan et al. 2009 ). Axial tests were performed on dog-bone shaped samples exhibiting different fibre and year ring orientations. A random pattern of black spots on a white background was applied on the surface and scanned at different load steps. In a subsequent stress-strain evaluation using the Vic-3D
Ò application from the company Correlated Solutions, the averaged material constants including standard deviations in longitudinal, radial and transversal direction, listed in Table 3 , were determined.
Since failure always occurred within the friction welded bond, here a strength criterion has only been developed for the welded interface and not for the timber, refer to Sect. 2.3. Capacity prediction for glued samples using PU adhesives, in which a strength criterion of the timber becomes necessary, has been regarded in previous studies (Tannert et al. 2012; Serrano 2004 ) and was not envisaged here. They only serve for the purpose of comparison with the mechanical performance of the welded joints. Subjected to a bending moment, the welded bond is exposed to shear stresses, s, generated by the torsional moment, M, and the shear force, V. In addition, normal stresses, r, orthogonal to the interface are also generated (Hermann 1965) . According to the brittle nature of the interface, failure of the joint occurs if the mechanical resistance of the weakest element is exceeded. Owing to the fact that two stress components, namely s and r, act simultaneously, it was necessary to derive a failure criterion of the welded interface for both components for further implementation to the procedure of strength prediction.
A series of tests was carried out on small cylindrical samples depicted in Fig. 3 . The test setup allows for an almost homogeneously distributed torsional shear stress field, s, when both ends are rotated in opposite direction to each other. At the same time an almost constant tensile stress distribution, r, can be achieved by means of a simultaneously performed traction test. For the sake of simplification it is assumed that the shear resistance of the interface is independent of the local fibre orientation. This approach is also justified by the fact that inside the welded connections shear stresses also do act under different angles with regard to fibre orientation, making the comparison between experimental setup and situation inside the welded joint feasible.
Since the cylinders could not be welded directly due to technical limitations of the welding machine, they were cut out from welded blocs of 100 9 100 9 90 mm 3 by means of a high accurate computer numerical controlled (CNC) cutting machine. Figure 3 shows the resulting samples. One timber part with a thickness of 40 mm was welded with perpendicular fibre direction onto an opposite 50 mm thick element using the same parameters as for the L-specimens.
The specimens were tested for tensile and torsion using a MTS axial/torsional test system. First, the mechanical resistance for the two single stress states, i.e. pure torsion s u and pure tensile r u , were determined. For the combination of shear and tensile stresses two levels of prestressed tensile loads were defined and applied to the samples before testing, corresponding to approximately one-third and two-thirds of the mean resistance from previous simple tensile tests. Subsequently, a torsional moment was introduced into the specimen until failure occurred. The results are presented in Fig. 4 .
Tests on moment resisting L-specimens
The wood welded specimens were taken out of the climatic chamber (40°C and 25 % relative air humidity) and tested in the test hall within a few minutes. Although the climate conditions during testing differed from those during storage (and could not be controlled) the influence of the changing conditions is considered negligible since the time lapse between the storage conditions and testing was kept short. The test setup is illustrated in Fig. 1 . The two outer layers were fixed with metal bolts on a vertical steel column. A hydraulic cylinder was used to introduce a force on the central horizontal board at a distance of 450 mm from the centre of the welded interface with a displacement rate of 2 mm/min, inducing the aforementioned stresses, s and r, at the interface. The displacement was increased up to failure load F ult . Ten samples were tested for each size. The load displacement curves for samples welded wit ZVW are shown in Fig. 2 . Failure occurred in a sudden and brittle manner within the welded bond without initial noticeable crack propagation. In general no residual load bearing capacity was observed; for very few specimens one of both welded interfaces stayed intact and a reduced load could still be transmitted. Nevertheless the load level of the first interface failure was taken into account and considered as ultimate load F ult .
Experimental results
Visual evaluations of the post-failure opened interface of the welded L-specimens as well as of the cylindrical offaxis samples showed satisfactory results in terms of the amount of thermally modified cell material within the bonded area. All samples showed homogeneously well darkened interfaces, indicating a good weld. Thus no specimen was rejected from the evaluation due to insufficient bonding. Until the brittle and sudden rupture, the L-shaped specimens showed almost perfectly linear-elastic load-displacement behaviour. Table 2 lists the results as well as the standard deviation of the preliminary tests on specimens with 100 mm edge length. Linear and circular welding movement were distinguished and compared to glued bonds. Welded bonds obtained by circular friction (ZVW) yielded on average joint strengths approximately 1.3 times higher than those obtained by linear friction (LVW), expressed in numbers 1.66 kN against 1.24 kN.
Glued samples did not fail in the bondline, but in the timber close to the overlap. The load-displacement curve showed linear progression up to the moment when the tensile stresses close to the bond exceed the material strength, and subsequently failed. As a consequence the load that could be applied on glued samples was 4.31 kN, on average, 2.6 times higher than for welded bonds. Figure 5 shows the experimental data for the tested welded L-specimens plotted against the joint surfaces edge length L. Joint strength increases almost linearly with increasing joint size. In order to illustrate size effects, joint strengths were plotted against polar moment of inertia I P of Fig. 3 Cylindrical specimens for interface characterisation of friction welded timber (inner radius R i = 10 mm, outer radius R o = 38 mm, wall thickness t = 9 mm, height h = 90 mm) Abb. 3 Zylinderförmige Probekörper für die Charakterisierung der Verbundfläche von reibgeschweißten Holzverbindungen (Innenradius R i = 10 mm, äußerer Radius R o = 38 mm, Wandstärke t = 9 mm, Höhe h = 90 mm) Fig. 4 Experimental results from off-axis tests and fitting curve for rF = 1 Abb. 4 Experimentelle Ergebnisse der Off-Axis-Tests und Angleichskurve für rF = 1 the connection, with I P determined using Eq. (1) from Blaß and Görlacher (2002) .
Joint strength appears to be bounded towards higher moments of inertia of the cross-section. Table 4 lists all mean values, as well as the standard deviation and upper and lower 5 %-quantiles. The standard deviation related to the average varied between 26, 19 and 28 % for the three edge lengths, with an overall variance of 24 % for the whole series. In addition to the mean, Table 4 also provides the upper and lower 5 %-quantiles, the latter commonly used as material strength parameter for structural dimensioning.
The evaluation of the tests on the cylindrical off-axis specimen is shown in Fig. 4 . A subsequent statistical analysis showed that the failure interaction of r z and s rz at the interface can best be represented by Eq. 2 which represents a strength criterion for orthotropic materials taken from Liu (2001) .
Following Eq. 2 failure of the interface is defined by values for r F = 1 or higher. The parameters r z,0 = 0.68 MPa and s rz,0 = 1.37 MPa represent the average values of the experimental strength toward tensile out-of-plane stresses r z and, respectively, the shear stresses s rz , obtained from the results of the offaxis tests (see Fig. 4 ).
Numerical strength prediction
Numerical model for stress determination
Stresses at the welded interface were determined using the FEA package ANSYS Ò . In order to reduce the computing time, symmetry was exploited, as shown in Fig. 6 . The numerical model is composed of two bonded panels with orthogonal orientations of their respective orthotropic material properties. Local coordination systems, herein indicated by lowercase characters, were defined for each panel, and material properties attributed accordingly, refer to Sect. 2.4. Three-dimensional 8-Node structural solid elements, SOLID185, were used. The area close to the welded bond was modelled with a relatively tight mesh of cubic elements with an edge length of 2 mm. For the rest of the model, longer elements with 20 mm edge length were used. The welded contact between the two panels was modelled as being completely rigid; thus no specific interface elements were needed. According to Fig. 6 , three different orthogonal stresses, r Z , s XZ and s YZ , in relation to the global coordinates X, Y and Z, were considered to describe the stress state at the interface. The computed stresses r Z , s XZ and s YZ for specimens with different edge lengths are plotted in Fig. 7. 
Statistical distribution for probabilistic strength prediction
Weibull statistics have proven to be an accurate approximation for statistical modelling of brittle failure modes, which was successfully used in previous investigations on welded timber bonds (Vallée et al. 2011; Hahn et al. 2012) . The cumulative distribution function for the Weibull probability of survival P s of a structural element can be expressed by Eq. 3 (Bažant et al. 1991) : Fig. 6 Numerical model of the experimental setup Abb. 6 Numerisches Modell des experimentellen Versuchsaufbaus Fig. 7 Distribution of numerically computed stresses r z , s XZ and s YZ over the interface for different edge lengths. Each stress state corresponds to the calculated load level resulting in a predicted probability of survival of 50 % Abb. 7 Verteilung der numerisch berechneten Spannungen r z , s XZ und s YZ über die Verbindungsfläche für verschiedene Kantenlängen. Jeder Spannungszustand entspricht dem zu einer vorhergesagten Ü berlebenswahrscheinlichkeit von 50 % berechneten Lastpegels
where V is size of the element, being a length, a surface or a volume, and V r is for the representative measure at which the strength distribution was determined. The statistical distribution P r was proposed by Weibull in form of Eq. 4 (Weibull 1939) .
where m is the shape parameter and r 0 is the scale parameter of the Weibull distribution. Low values of m correspond to a high variability of the results while high values indicate a low scattering. For the strength threshold r u it is convenient to assume that this value is 0 (Bažant et al. 1991) . Doing so, Eq. 4 becomes a two parametrical function.
Since the welded interface is not submitted to a single stress, r, but to a combination of shear and normal stresses, the formulation of the Weibull probability distribution in Eq. 4 has been extended towards a multi-axial stress state. Although initially developed for isotropic materials failing under uniaxial loads, nothing in the derivations formulated for the Weibull theory limits its extension towards the considered orthotropy and multiaxiality. It has already been extended by Bažant et al. (1991) towards main principal stresses; and subsequently several previous studies, including FRP and timber (Keller and Vallée 2006; Tannert et al. 2012; Vallée et al. 2011; Hahn et al. 2012 ) did address this issue, and concluded that Weibull theory could be considered. Here, one normal stress vector r z , orthogonal to the surface, is combined with an in-plane shear vector s rz . It was decided to use one combined stress measure r F , estimated using Eq. 2, as stress operator in Eq. 4, which is in line with previous investigations mentioned above. Thus, each result of the off-axis tests from Sect. 2.5 can be independently expressed by one parameter from the respective load combination. Since V, defined herein as the surface size of the welded bond, is equal to V r for the case of off-axis tests, the probability of survival can be expressed by Eq. 5.
First r F,i was calculated for each experimental combination of r z and s rz from the off-axis tests shown in Fig. 4 using Eq. 2. The Weibull parameters k and r F,0 are estimated using a linear regression analysis of the statistical distribution of r F,i according to Langlois (1991) and resulted in k = 2.907 and r F,0 = 1.145. The small value of k corresponds to a high variability of the test results, which is characteristic for friction welded timber bonds and as it can be observed by the variation of the experimental results in Fig. 4. 
Algorithm of probabilistic strength prediction
The probability of survival P S of the joint is expressed as the simultaneous non-failure of all single constituent finite element A i , subjected to a combined stress sensor r F,i . Mathematically P S can be expressed through Eq. 5 as follows:
The representative surface A 0 is the size of the welded surface from the cylindrical off-axis samples, k and r F,0 have been estimated previously in Sect. 3.1.
The stresses r Z , s XZ and s YZ , needed for the calculation of r F,i , are obtained from the FEA. The formulation of r F,i in Eq. 2 includes only one shear stress component s rz that is independent from the local orientation of the grains. Therefore, it was decided to use the vectorial sum s Z of the two orthogonal shear stress components s XZ and s YZ . Doing so, the expression in Eq. 5 can be computed for any given load level F NUM , resulting in a corresponding probability of survival of the given geometry. A global probability of survival of 50 % represents the experimental mean of the test results; hence, the lower 5 %-quantile corresponds to a probability of survival of 95 %.
Analytical linear elastic stress approach
The probabilistic strength prediction method will be compared to the results of a simplified linear elastic stress analysis approach in order to evaluate its suitability for consideration of strong size effects. The linear elastic approach is based on the method for the design of horizontally loaded wall elements made of CLT panels developed by Blaß and Görlacher (2002) . According to that, the shear stresses s max due to torsion from Eq. 7 are compared to a threshold value, herein labelled s lim . For this approach the threshold value for shear is taken as s rz,0 from the results of the off-axis tests. Substituting s lim for s max in Eq. 7 the maximum force F max can easily be determined.
3.5 Results of strength prediction
The numerical joint strength has been computationally predicted for the three different geometrical configurations experimentally investigated. In addition to the statistical mean, the upper and the lower 5 %-quantile of each series has been predicted in order to model the inherent scattering of the results. All data is listed in Table 4 . Similar to the experimental results, the numerically predicted mean of the joint strength in Fig. 8 is positively correlated to the polar moment of inertia, but converges strongly with increasing surface size. The curve for the predicted mean shows good agreement with the curve fitting of the experimental means of around 80 %.
Joint strengths obtained using the analytical approach, displayed in Fig. 8 , increase much more when joint size is increased. For samples with the longest edge length of 160 mm, the analytical joint strength corresponds to 270 % of the experimental value and 300 % of the probabilistic predicted mean. Compared to this approach, the probabilistic method very accurately considers size effects for strength prediction.
Furthermore the comparison between the experimental results and the predicted values in Table 4 and Fig. 8 shows good agreement. The accuracy in predictions increases with increasing edge length. The experimental mean from all series could be predicted with an overall accuracy of 78 %, varying between 61 % for 100 mm edge length and 91 % for 160 mm edge length. Good agreement is also obtained for the lower 5 %-quantiles of all series. From a 100 mm edge length towards 160 mm the numerical prediction varies between 60 and 98 % of the experimental data. Good accordance occurs as well for the prediction of the 95 %-quantile, where the numerical values differ between 62 and 87 % of the experimental results. Figure 5 shows the experimental data for the tested L-specimens plotted against the joint edge length. A direct relationship between the surface size and the interface resistance can be observed. The fitting curve rises almost linearly from 1.67 kN for the specimens with an edge length of 100 mm up to 3.24 kN for specimens with 160 mm edge length. For some specimens failure did not occur simultaneously in both welded interfaces between the two vertical elements and the horizontal board. These specimens still showed reduced load bearing capacity after fracture of one welded side. The displacement could furthermore be increased and F rises again until total failure. The load level of the first crack was considered as the representative value of the sample.
Discussion
Experimental results
The results from the off-axis tests allowed quantifying a stress-based failure criterion of the welded interface that takes into account the interaction between normal stresses r z and shear stresses s rz . The scattering of the results, is significant. The same can be concluded regarding the shape parameter k = 2.907 from the Weibull distribution of the stress operator r F,i , since low values of k indicate large scattering. 
Numerical calculation
Computed graphs for the stress components r z , s xz and s yz , corresponding to a load level where a probability of survival of 50 % was calculated, are shown in Fig. 7 . In addition to the tensile stresses normal to the interface, Fig. 7 also shows important amounts of compressive stresses, represented by negative values of r z . The experimentally validated failure criterion from Sect. 2.4 is defined only for tensile stresses above zero, although compressive stresses are thought to act positively in the sense that shear strength increases. The determination of the global probability of survival, which is by essence given by the product of the individual probabilities of survival of each single element, is still largely dominated by the most stressed elements in the zones of tensile stresses. This makes the contribution of ''lessstressed'' elements almost negligible. As a result, suppressing the positive influence of compressive stresses is unlikely to flaw the overall result significantly, which has been proven in previous studies (Keller and Vallée 2006; Tannert et al. 2012; Vallée et al. 2011; Hahn et al. 2012) . As shown in the figures, stresses concentrate towards the edges, indicating that load transfer mainly takes place in the peripheral zone, while the inner stresses remain negligible. Furthermore, it is significant that the shear stresses are concentrated at the edges that are orientated in the direction of the introduced load respectively the clamp of the specimen. This is different to intersections within CLT panels, where shear stresses are distributed more homogeneously over the surface. For the validation of the strength prediction method, however, this stress distribution can be assumed as a good representation of the actual experimental situation, while for CLT panels another stress distribution has to be considered.
For better illustration the significantly concentrated stresses have been plotted separately in Fig. 9 , namely, at the vertical edges, the stresses normal to the interface and the shear stresses in the YZ-plane and, along the horizontal edges of the cross-section, the shear stresses in the XZ-plane. For the same probability of survival the maximum values of stresses decrease with increasing edge length. For example, for the biggest specimens with an edge length of 160 mm, the critical normal stresses around position (0;140) in Fig. 7 respectively 9 are lower with around 0.6 MPa than for specimens with the shortest edge length of 100 mm, where around 0.7 MPa are calculated at the equivalent position (0;90). For the shear stresses s YZ and s XZ in Figs. 7 and 9 the same effect can be observed. In general, with increasing size, the highest, most critical values at the edges decrease. Only at the corner near to position (e;e) the level of the shear stresses remains equal respectively increases slightly towards longer edge lengths e. As a consequence the stress operator r Fi increases at that position with increasing edge length, while r Fi at the position of the two remaining critical stress concentrations decreases. It can be concluded that with increasing edge length the stresses at the critical position (e;e) become more important within the strength prediction algorithm. Thus, for bigger samples the same value of failure probability is obtained before equal stress levels are achieved in bigger parts of the interface. The latter finding clearly describes the influence of surface size on the joint strength.
Capacity prediction
There is good agreement between the numerically predicted values and the experimental results: for the samples with an edge length of 130 and 160 mm the 5 %-quantiles were predicted with an accuracy of 80 % or higher. The results for an edge length of 100 mm are significantly underestimated. It can be stated that the accuracy increased with increasing edge length. One possibility is that the aforementioned disregard of advantageous compressional stresses (see Sect. 4.2) in the calculation of r F,i has an important influence on the predicted results for shorter edge lengths.
The strength prediction algorithm strongly depends on the defined failure criterion from Sect. 2.4, thus on the results of the off-axis tests from which they were drawn. As it was stated in Sect. 4.1, the statistical variance of these tests, expressed by a low shape parameter k, is relatively high. It cannot be excluded that the chosen cutting process for the fabrication of the cylinders had an important influence on the scattering of the results. Micro-cracks may occur for example due to vibrations during the milling process, which can reduce the resulting strength of the interface. No matter how carefully the manufacturing is carried out, these vibrations couldn't be avoided completely during the cutting process.
Conclusion
Cross-wise welded timber joints were produced and tested under torsion in order to shed light on the structural behaviour of such joints in potential bracing cross-laminated timber (CLT) panels. First, two different welding technologies were tested and their corresponding load bearing capacity was compared. It was found that a circular vibrational movement during welding is more advantageous over linear vibration welding. The results were also compared to glued connections achieved by means of a commonly used adhesive based on polyurethane. The strength of welded specimens represents 40 % of corresponding glued connections.
Second, the surface size of the welded interface was increased in two steps in order to investigate the influence of size on resulting joint strength. Within the investigated geometrical range, bearing capacity of the specimens is linearly correlated to the surface size.
Furthermore the mechanical resistance of the welded interface was experimentally characterised. An adapted test-setup was developed in order to simulate the combination of stresses occurring at the interface zone of the L-shaped specimens tested in bending. The test results were used to define a failure criterion for further application in a numerical strength prediction algorithm.
The probabilistic strength prediction method allowed the prediction of the experimental mean values with an overall accuracy of 80 %. In addition, the inherent variability of the results could be predicted by calculating the numerical upper and lower 5 %-quantiles which showed a very good agreement with the experimental values. The comparison between experimental and numerical results objectively validated the applied proceeding of strength prediction.
If projected at the level of welded CLT panels, estimations of simple case studies on horizontally loaded bracing walls showed that shear stresses expected in those elements can be transferred by friction-welded joints. According to the results of the off-axis tests under pure shear, bonds achieved by this technology can have a minimum shear resistance of 0.97 MPa.
Further research has to extend the investigations on more complex systems composed of more than one intersection point, in order to understand the simultaneous interaction of friction welded bonds within CLT panels.
